Within the IMO regulations, NOx Tier II (from 2011), ECA (from 2016), and EEDI (from 2013) have been effective, and restriction of sulfur content in fuel oil (from 2020), expansion of the scope of restrictions of ECA (from 2021), and the restriction of black carbon (BC) are now being examined. Marine diesel engines that will be designed in the future must have performances that satisfy all these restrictions. Therefore, for the present study, a system that satisfies all of the restrictions relative to NOx, EEDI, and BC was constructed by using newly developed water mixture fuel (WMF) technologies without additives. For this experiment, a small four-stroke high-speed marine diesel engine was used as a real engine model. To clarify the influence of WMF technologies on engine performance and exhaust emissions, the following experiments were performed. (1) Confirmation of the NOx-SFOC (specific fuel oil consumption) trade-off: The variations in NOx and SFOC when the fuel injection timing was advanced by 1 degree to 3 degree (crank angle) were clarified. (2) Influence of WMF technologies on the NOx-SFOC trade-off: The variations in NOx and SFOC when water was mixed with the fuel were clarified at each injection timing. (3) Influence of WMF technologies on BC: The ratio of PM when water was mixed with the fuel was measured by using a highly accurate PM measurement system, in addition to clarifying the ratio of BC in PM. (4) Combustion analysis: The cylinder pressure and fuel injection pressure obtained from each experiment were analyzed, clarifying the ignition period, highest pressure and its period, heat release rate, combustion speed, and combustion ratio. Analysis of the results revealed that (1) NOx increases by about 25%, while SFOC is improved by 3%, when fuel injection timing is advanced by a 3 degree crank angle. (2) NOx can be decreased without increasing SFOC by mixing water with the fuel. For instance, NOx can be decreased by about 20% by mixing water with the fuel at a 20% W/FO ratio. (3) PM and BC can be decreased by mixing water with the fuel. For instance, PM and BC can be reduced by half by mixing water with the fuel at a 20% W/FO ratio. (4) NOx, SFOC, and BC can be decreased at the same time by using WMF technologies and effectively combining the other results. Most importantly, WMF technologies allow most IMO regulations to be met.
Introduction
International Maritime Organization (IMO) regulations establishing NOx controls (Tier II from 2011), Emission Control Areas (ECA) (from 2016), and the Energy-Efficiency Design Index (EEDI) for new ships (from 2013) have been effective. The IMO is examining further restrictions, including sulfur content in fuel oil (from 2020), expansion of ECA restrictions (from 2021), and limits on black carbon (BC) emissions 1), 2) . The performance of future marine diesel engine designs will need to satisfy all these restrictions. Therefore, we are developing a system intended to meet all of the IMO restrictions related to NOx, the EEDI, and BC emissions by using a newly developed water-mixed fuel (WMF) technology that does not need additives. The major difference between WMF and emulsion fuel is that WMF does not require additives. The WMF is injected into a cylinder without giving time for the water and fuel to separate, by installing a WMF generator just before a fuel injection device. Experiments in this study used a small four-stroke, high-speed marine diesel engine. To clarify the influence of WMFs on engine performance and exhaust emissions, the following experiments were performed: (1) Confirmation of the trade-off Legend: (1) water tank, (2) fuel oil tank, (3) flow meter for fuel oil, (4) flow meter for water, (5) flow regulating valve, (6) control panel, (7) circulating pump,(8) fluid mixer, and (9) separation tank emissions, and the ratio of BC in PM, using a highly accurate PM measurement system. (4) Analysis of combustion performance using the cylinder pressure and fuel injection pressure obtained from each experiment to clarify the ignition period, highest pressure and its period, heat release rate, combustion speed, and combustion ratio.
Experimental Apparatus and Method
The WMF generator was connected to a 4-stroke test engine at the National Fisheries University in Japan. The test engine specifications are provided in Table 1, while Table 2 shows the properties of the fuel used in this study. Figure 1 is a schematic diagram of newly developed WMF generator used in this study. This device mixes water with a volatile fuel, such as light oil, without an additive. In Figure 1 , the upper three-way valve controls whether the engine receives ordinary fuel oil or a WMF. The proportion of water set by the control panel is mixed into the fuel by the flow regulating valve installed at the outlet of the water tank. The WMF mixer is a stationary fluid mixer having no drive section. It uses pressure to drive heterogeneous fluids through elements of a honeycomb structure that are connected in series. The apparatus is capable of rapid superfine atomization, and homogenizes the mixture. The WMF generated by the fluid mixer is delivered to the fuel injection device with a structure that can be retrofitted to existing engines. The mixer provides two modes for producing WMF without additives: (1) a "water granulated" type WMF in which minute oil particles are mixed into water. (2) an "oil granulated" type WMF in which minute oil particles are mixed into water. In this study, the WMF produced was a W/O type, with the 
Water-mixed fuel (WMF) generator
(6) mixing ratio of water set by the mass ratio. A separation tank is connected between the fluid mixer and the circulation pump via a WMF collection pipe and a three-way valve. The separation tank recovers water and fuel for reuse by separating them using the difference in specific gravity. Figure 2 is a schematic of the PM measurement system. A dual tubing system is used to introduce engine exhaust gas to a horizontal dilution tunnel; this tubing is kept warm to mimic the environment of an exhaust pipe. The tubing structure and temperature make it is less likely that the soluble organic fraction (SOF) from nonflammable elements of the lubricant and fuel oil (the principal components of PM) will adhere to the transfer line in the dilution tunnel. PM was collected on filter paper and its composition (soot, SOF, and sulfate) was analyzed by Soxhlet extraction.
PM measurement system

Experimental method
First, the engine load factor was set to 75%(2817min -1 ) to mimic marine operation and the reference fuel injection timing was set to 7(deg.) before top dead center (TDC). Then, basic operating parameters and emissions were measured, including cylinder pressure; fuel pipe injection pressure; other various engine data; NOx, CO, CO2, and O2 concentrations as well as collection of PM. Secondly, the WMF generator was used to supply the engine with WMF having water-to-fuel oil (W/FO) mixing ratios of 11, 25, and 43%. Finally, the experiments were repeated with the injection timing advanced from the standard timing by one degree stepwise up to 3(deg.). Figure 3 shows characteristics of NOx -SFOC trade -off. In general, advancing the fuel injection timing improves fuel economy but increases NOx emissions. When the injection timing was advanced by one degree stepwise up to 3(deg.), fuel efficiency improved by about 3% and CO2 emissions were reduced, but NOx emissions increased by about 25%. Figure 4 shows cylinder and fuel injection pressures for different fuel injection timings. When the fuel injection timing was advanced, the maximum cylinder pressure increased. Figure 5 shows the rate of heat release for different. Conversely, when the timing was set to reduce NOx emissions, the fuel economy deteriorated and CO2 emissions increased. This is known as the NOx-SFOC trade-off fuel injection timings. As the fuel injection timing was advanced, the ignition timing also advanced, but the heat release rate pattern did not change. Figure 6 shows the total heat release for different fuel injection timings. The heat release is obtained by integrating the heat generation rate shown in Figure 5 for each crank angle. As shown in Figure  6 (b), the heat release fell after a crank angle of 43(deg.). After this point, the baseline fuel injection timing produced the largest heat release, but when the injection timing was advanced by 3(deg.), specific fuel oil consumption (SFOC) improved. Figure 7 summarizes the variations in NOx emissions and SFOC at different W/FO ratios. The ignition timing was set as the crank angle when the value of heat release rate just before ignition changed from negative to positive. In general, both NOx emissions and SFOC decreased as the W/FO ratio increased, eliminating the trade-off found during the tests with conventional fuel oil. This represents an important advantage of the WMF technology. Figure 8 shows cylinder and fuel pressures for different W/FO ratios. As the proportion of water increased, the fuel injection period became longer and the maximum injection pressure increased. This is probably due to the fact that increasing the water content increases the WMF viscosity and thus decreases the injection rate. Also, a longer ignition delay tends to increase the maximum cylinder pressure. Figure 9 shows the heat release rate for different W/FO ratios. As the proportion of water increased, the combustion rate in the premixed combustion phase increased while the combustion rate in the diffusion combustion phase decreased at a crank angle of 5 to 10, improving the so-called "post combustion" after a crank angle of 10(deg.). Figure 10 shows total heat release for different W/FO ratios. When using WMF, as shown in Figure  10 (a), the start of combustion was deferred by a long ignition delay. However, due to the subsequent rapid combustion, this condition did not change until a crank angle of approximately 30(deg.), in the vicinity of the crank angle of 5 to 10(deg.) when using fuel only. Figure 10 (b) shows that this relationship reverses around a crank angle of 45 to 50(deg.), and upon mixing water with the fuel, the total heat release decreased, which confirms the improvement in fuel economy. The above results show that ignition delay increased when water was mixed with the fuel, and the amount of water mixed fuel injected until ignition increases. As a result, the air introduced into the spray increased in proportion to the momentum of the injected fluid, so air increases. Furthermore, as the amount of water in the mixing ratio increased, the proportion of fuel decreased, and the ratio of air to fuel during spraying increased, improving combustion. The amount of heat generated calculated in this study considered the loss due to cooling. When using water mixed with fuel, a positive effect was observed because combustion time was shortened by the increased amount of air introduced during fuel spraying. It is added as a pushing force of the piston in the expansion stroke that the volume expansion of the fuel in the fuel as water vapor becomes volume expansion, and the cooling loss decreased due to lowering of the flame temperature. In contrast, a negative effect was caused by the longer injection period and the heat loss due to evaporation of water. Fuel efficiency could be improved when the positive effect exceeded the negative effect by optimizing the mixing ratio of water and injection timing. The NOx appeared to be reduced upon lowering the combustion temperature due to the heat of vaporization from evaporation of moisture in the water-mixed fuel and prolongation of the ignition delay period. For the above reasons, the use of water-mixed fuel involves a trade-off between NOx emission and fuel consumption.
Results and Discussion
Confirmation of NOx-SFOC trade-off
Influence of WMF on NOx -SFOC trade -off
3.3 Impact of WMF on BC emissions Figure 11 summarizes the decreases in soot emissions obtained when WMF was employed 3) . Figure 11(a) shows the reduction in the soot exhaust rate [g/kWh] when the W/FO ratio was increased. Figure 11(b) demonstrates the decrease in the amount of trapped soot based on the coloration of the PM filter gradually changing from black to light gray. The soot levels decreased by about 60% and 80% at W/FO ratios of 25% and 43%, respectively. Figure 12 demonstrates the decreases in both NOx and SFOC simultaneously by WMF technology.
Fuel consumption considerations
Line where • dotted line shows "NOx -SFOC trade-off". In general, advancing the fuel injection timing improves SFOC but increases NOx emissions. Line where ○ dotted line shows application of WMF technology. The feature of WMF technology is that it makes it possible to decrease NOx without deteriorateing SFOC. Line where ■ dotted line shows the example in which NOx and SFOC can be decreased at the same time. First of all, NOx is decreased without deteriorateing SFOC by WMF technology. Although NOx emissions increase when SFOC is improved by using the combustion technology, the ratio remains the same in which NOx is 100% or less.
Conclusion
We developed a system to produce WMFs without additives and conducted experiments aimed at using WMFs to simultaneously reduce NOx and BC emissions without sacrificing fuel economy. We can draw four main conclusions from our results: (1) When WMF is used, the trade-off between NOx and fuel consumption changes with respect to that for conventional fuel. 
